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The electronic and superconducting properties associated with the topologically non-trivial bands in Weyl
semimetals have recently attracted much attention. We report the microscopic properties of the type-I Weyl
semimetal TaAs measured by 75As nuclear magnetic (quadrupole) resonance under zero and elevated magnetic
fields over a wide temperature range up to 500 K. The magnetic susceptibility measured by the Knight shift K
is found to be negative at low magnetic fields and have a strong field (B) dependence as lnB at T = 1.56 K.
Such nonlinear field-dependent magnetization can be well accounted for by Landau diamagnetism arising from
the 3D linearly dispersed bands, and thus is a fingerprint of topological semimetals. We further study the low-
energy excitations by the spin-lattice relaxation rate 1/T1. At zero field and 30 K ≤ T ≤ 250 K, 1/T1T shows
a T 2 variation due to Weyl nodes excitations. At B ∼ 13 T, 1/T1T exhibits the same T -dependence but with a
smaller value, scaling with K2 ∝ T 2, which indicates that the Korringa relation also holds for a Weyl semimetal.
Analysis of the Korringa ratio reveals that the energy range of the linear bands is about 250 K in TaAs.
Recently, a new class of topological materials whose low
energy excitations are massless chiral fermions, called Weyl
semimetals (WSM), has triggered intensive interest in both
fundamental physics and applications [1–7]. These materials
are characterized by the band-touching points known as Weyl
nodes around which the spin-nondegenerated bands disperse
linearly. The Fermi arc surface states induced by the Weyl
nodes with opposite chirality in the bulk were regarded as a
verification of WSM [5–8]. However, the Fermi arc states are
visible experimentally even in NbP whose Fermi level is out-
side the energy window of the Weyl cones [9]. Therefore, us-
ing the observed Fermi arcs as the sufficient condition to iden-
tify a Weyl semimetal phase has been challenged [9]. It is im-
portant to directly probe the bulk states to identify WSM and
detect the Weyl quasi-particles excitations. Although a nega-
tive magnetoresistivity was observed and attributed to the non-
conservation of the particle number with a given chirality in-
duced by non-orthogonalmagnetic and electric fields [10, 11],
such interpretation is controversial. Other explanations, such
as an experimental artifact resulting from the inhomogeneous
exciting current [12], or simply a quantum effect not necessar-
ily related to Weyl bands [13], were also proposed. Therefore,
an unambiguous experimental signature from the bulk bands
is still lacked.
One alternative attempt to obtain bulk properties is through
magnetization measurements. Quantum oscillations of the
magnetization have been used to study the Fermi surface
topology [14, 15]. Individual Landau Levels due to linearly
dispersed bands in topological semimetals are essentially dif-
ferent from those in classical free-electron systems [16, 17],
and have a profound effect on the orbital magnetism. As the
chemical potential approaches the nodes, a divergent diamag-
netism in the weak-field limit will be induced [18–21]. In
particular, the non-oscillating part of the magnetization was
suggested to show a nonlinear dependence on the magnetic
field beyond a threshold value, through which topological
semimetals manifest themselves [21–25]. Indeed, abnormal
field and temperature dependence of the magnetic susceptibil-
ity were observed in the 2D Dirac material, graphene [25, 26].
However, conventionalmagnetic measurement failed to detect
any nonlinear behavior in the magnetization of WSM [27].
The nonlinear response effect can be hidden by magnetic im-
purities or disorders in macroscopic magnetic measurements
[27]. In addition to the above-mentioned issues, superconduc-
tivity derived from topological semimetals has also attracted
much attention [28]. How the bulk Weyl excitations are in-
volved in the superconductivity also becomes an issue.
Nuclear magnetic resonance (NMR) is a local probe suited
for addressing the above issues. Firstly, the spin-lattice relax-
ation rate 1/T1 is suited for detecting the excitations in topo-
logical materials [29–31]. Secondly, the Knight shift K mea-
sured by NMR can avoid the influence of the impurities and
allows us to obtain the intrinsic magnetic susceptibility. For
a conventional metal with trivial bands, the Korringa relation
between 1/T1T and K
2 has served as a criterion for identifying
the nature of metals. It is therefore also important to investi-
gate whether the Korringa relation holds in Weyl semimetals
or not.
TaAs is a typical Weyl semimetal whose Weyl nodes are
very close to the Fermi level, one set of which is only 1.5
meV away [11], which is expected to give a more pronounced
nonlinear magnetization. In this work, we use 75As NMR and
NQR (nuclear quadrupole resonance) to get insights into the
intrinsic magnetism and Weyl fermion excitations in TaAs.
We find that the microscopic magnetic susceptibility mea-
sured by the Knight shift of 75As-NMR is negative at low
magnetic fields and has a strong field dependence at T = 1.56
K, which can be understood by the exotic Landau diamag-
netism peculiar to the topological semimetals. At zero field,
the spin-lattice relaxation rate divided by T , 1/T1T , shows a
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FIG. 1: (a) The crystal structure of TaAs (above) and the diagram
of two As sites when B ‖ a-axis (blow). (b) and (c) are 75As NMR
spectra of TaAs at T = 50 K and B = 9.997 T applied along c-axis
and a-axis, respectively.
T 2 dependence over a wide temperature range 30 K ≤ T ≤
250 K, due to Weyl nodes excitations. At B = 12.95 T, we
find a similar T 2 behavior of 1/T1T . The T -dependent 1/T1T
at the high field is proportional to K2 and indicates that the
Korringa relation also holds for a Weyl semimetal. Analysis
of the Korringa ratio S , which is proportional to the squared
derivative of
√
1/T1T with respect to K, shows that the low-
energy excitations are dominated by Weyl nodes excitations
below T ∗ ∼ 250 K but are due mainly to trivial bands above.
The TaAs single crystal samples used in this study were
grown by the chemical vapor transport method. The detailed
crystal growth method can be found in Ref. [10]. The typ-
ical size of the single crystals is 1.5×1×0.5 mm3. A single
crystal was rotated with respect to the magnetic field direction
by using a goniometer in order to have an exact B ‖ c-axis
configuration [32]. The 75As NMR spectra were obtained by
a Fast Fourier Transform (FFT) summation of the spin echo
[34]. For NQR measurements, a collection of single crystals
weighing ∼ 1 g was powdered. The T1 was measured by using
the saturation-recovery method.
Figure 1 (a) shows the crystal structure of TaAs and Fig. 1
(b) and (c) show the 75As NMR spectra with the magnetic field
along the c-axis and a-axis, respectively. For B ‖ c-axis, only
three peaks coming from different transitions of the 75As nu-
cleus with spin I = 3/2 are observed. The full width at half
maximum of the central ( 1
2
↔ − 1
2
transition) and satellite
(± 3
2
↔ ± 1
2
transition) peaks are only ∼ 3 kHz and ∼ 8 kHz
at B = 9.997 T, indicating the high sample quality. For B ‖ a-
axis, two sets of central and satellite lines are observed, which
correspond to two types of As sites with different Ta-As-Ta
bond direction as shown in Fig. 1 (a). The Knight shift with
B ‖ c-axis, Kc, is defined as Kc = f−γB− f2ndγB , where γ is the gy-
romagnetic ratio and f2nd is the second-order quadrupole shift
related to the electric field gradient (EFG) tensors that can be
directly obtained from the spectra shown in Fig. 1 [32].
FIG. 2: (a) Magnetic field dependence of the 75As Knight shift Kc for
B ‖ c-axis at 1.56 K (squares), 30 K (diamonds) and 60 K (circles).
The solid red curve is a fit of Kc to Kc = alnB + b. The obtained
parameters are a = 0.063 with a unit of %·ln(T)−1 and b = -0.161 %.
The dashed curve is a guide to the eyes. (b) Temperature dependence
of the 75As Knight shift Kc for B ‖ c-axis at 12.95 T. The dashed
straight line indicates a T -linear relation.
Figure 2 (a) shows the obtained field dependent Kc. At T =
30 K and 60 K, Kc is only weakly magnetic field dependent.
However, at T = 1.56 K, Kc has a very strong field depen-
dence; Kc is negative and increases rapidly at low fields. The
Knight shift measures the uniform magnetic susceptibility χ
= χspin + χorb through the relation Kc = A
spin
hf
χspin + A
orb
hf
χorb,
where χspin and χorb are the spin and orbital susceptibility re-
spectively. A
spin
hf
and Aorb
hf
are spin and orbital hyperfine cou-
pling constants, respectively, which are field independent. For
a system with only trivial bands, χorb is the Van-Vleck suscep-
tibility and is both temperature- and field-independent. For
a nonmagnetic material, χspin is also field independent, but
can have strong field dependence when a small energy gap is
closed by magnetic fields, such as superconducting or spin
gap [35, 36], or due to the Kondo effect in heavy fermion
systems [37]. However, TaAs is a nonmagnetic and weakly
3correlated system. Therefore, the field dependence of Kc can-
not be due to the trivial bands which only contribute a B- and
T -independent value.
The observed field dependence is related to the linear
bands. Under magnetic fields, the total energy of the sys-
tem will be raised by the electrons from the continuous linear
bands that shrink to the zeroth Landau level, leading to a neg-
ative χorb. Besides, the linear response theory is easily broken
for a large magnetic scale (the energy difference between the
zeroth and first Landau Level) of the linear dispersed bands
even under a moderate magnetic field [25]. Therefore, χorb
can have a strong field dependence. For the case of 2D linear
bands, the energy gain ∆E in the presence of a magnetic field
is ∆E ∝ B3/2. Therefore, χorb becomes to be proportional to
-1/
√
B, which was indeed observed in graphene [26]. For 3D
linear bands as in TaAs, an additional quadratic dispersion of
the electrons along the direction of the magnetic field has to
be considered. A logarithmic-like divergence, namely χorb ∝
lnB, was theoretically suggested at the zero-temperature limit
when the Weyl nodes are right at the Fermi level [23]. We fit
the data by Kc = alnB+ b and the results are shown in Fig. 2
(a) by the red solid curve. The agreement between experimen-
tal data and theory is good. There are two sets of Weyl nodes
in this system [11], and our result implies that at least one set
is indeed very close to the Fermi level.
The nonlinear magnetization is a result of a failure of the
linear response approximation as elaborated below. The lin-
ear bands in TaAs with Fermi velocity 105 ∼ 106 m/s give a
magnetic energy scale to be vF
√
2e~B > 65 K for B = 2.5 T,
being far greater than 1.56 K. This is why the observed nonlin-
ear behavior of the magnetization is strong. Indeed, the field
dependence of Kc is strongly suppressed at T = 60 K and 30
K compared to that at T = 1.56 K, as can be seen in Fig. 2 (a),
due to the thermal broadening of the electron distribution so
that a portion of the electrons are excited to higher Landau lev-
els. Such behaviors were not observed by the bulk magnetic
susceptibility measurement in previous studies [27], probably
hidden by impurities inside the sample. Therefore, our results
demonstrate that a local probe is indeed crucial for studying
this problem.
Figure 2 (b) shows the temperature dependence of Kc at B
= 12.95 T. Kc increases linearly for 60 K ≤ T ≤ 250 K, which
can be understood as due to the diffuse of electron distribution
in the Landau levels at a finite temperature. Kc at B= 8.9 and 6
T shows a similar T -linear behavior in this temperature range
(see SupplementaryMaterials [32]). In the 2D Dirac material,
graphene, it was shown that the magnetic susceptibility fol-
lows a T -linear variation [26]. To our knowledge, our result is
the first observation of a T -linear magnetic susceptibility in a
3D Weyl semimetal. Above T = 250 K, however, Kc deviates
from the T -linear behavior and shows an upturn. Our result
thus indicates that the linear bands have a finite energy range
E∗/kB ∼250 K, and at high temperatures the trivial bands are
involved to contribute to Kc when partial electrons are excited
to high energies beyond E∗ where the bands are no longer lin-
early dispersed. For TaAs, first-principle calculations [9, 11]
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FIG. 3: Log-log plot of 75As 1/T1T at 0 T (solid square) and 12.95
T (solid circle). The dashed lines indicate 1/T1T ∝ T 2
suggested that E∗/kB is in the range of ∼350 K, but has not
been decided before by experiments.
At low temperatures below 30 K, on the other hand, Kc is
almost T -independent. This is consistent with the fact inferred
from our data that at least one set of the Weyl points is very
close to the Fermi level, which acts against the thermal distur-
bance so that Kc becomes a constant [26]. Finally, we note that
Kc only increases by 0.02% from 40 K up to 500 K, which is
much smaller than the change induced by the magnetic field
at 1.56 K. Thus, the large diamagnetism and its significant
field dependence can be viewed as a fingerprint of topological
semimetals.
Next, we turn to the spin-lattice relaxation rate to investi-
gate Weyl Fermions excitations. Figure 3 shows the compari-
son of 1/T1T at zero field measured by NQR and at B = 12.95
T by NMR. The details about (1/T1)NQR measurements are
documented in the Supplemental Materials [32]. Under both
fields, upon increasing the temperature, 1/T1T undergoes a
crossover from a slow decrease to a rapid increase at T ∼ 20
K. However, the absolute value is quite different for the two
fields. Theoretically, (1/T1)NMR and (1/T1)NQR measure the
magnetic perturbation perpendicular to the magnetic field and
the principle-axis of the EFG, respectively. In the current sit-
uation where B ‖ c-axis and the principle-axis of EFG is the
c-axis, they should be the same if there is no additional effect
induced by the magnetic field. Therefore, the difference be-
tween (1/T1)NMR and (1/T1)NQR originates from other physics
than the anisotropy of 1/T1.
We start with the zero-field results. Usually, for 3D bands
with point nodes, the density of states (DOS) N(E) ∼ E2, and
1/T1 is proportional to
∫
A2
hf
N(E)2 f (E)[1 − f (E)]dE, where
f (E) is the Fermi-Dirac distribution function. Thus 1/T1T ∼
T 4 is expected [38–40] when the hyperfine coupling is domi-
40.00 0.01 0.02
0.00
0.02
0.04
0.06
0.08 1
S = 0.6
250 K
(1
/T
1T
)1
/2
 (s
K)
-1
/2
Kc (%)
S = 1.5
60 K
0
EF
kBTE
k
k
E
 
kBT
EF
0
1
FIG. 4: (a)
√
1/T1T as a function of Kc. The two straight lines show
the Korringa ratio S=1.5 and 0.6, respectively (see text). The insets
sketch the occupancy of the electrons near the Weyl point under zero
magnetic field at low temperature (left) and high temperature (right),
respectively. The color of shade represents the occupancy probability
of electrons.
nated by spin hyperfine interaction which is a constant. Over a
wide temperature range 30 K ≤ T ≤ 250 K, however, we find
that 1/T1T is proportional to T
2. The same behavior was also
reported for 30 K ≤ T ≤ 100 K by 181Ta-NQR in TaP [30],
where the two sets of Weyl points are quite far away from the
Fermi level by 13 meV and 41 meV [15], respectively, and
thus the system has a smaller E∗/kB ∼150 K [9, 15]. Our re-
sult can be understood as due to the unusual orbital hyperfine
interactionHorb
hf
for massless Weyl fermions [29, 31]. Horb
hf
di-
verges as 1/q where q is the transfer moment of the scattering
electrons, leading to Ahf ∝ 1/E [29, 41]. As a result, 1/T1T be-
haves as T 2 instead of T 4. Combined with the previous study
on TaP [30], the NQR relaxation demonstrates that the 1/T1T
∝ T 2 behavior is indeed an important feature of type-I WSM.
Below Tcross ∼ 20 K, 1/T1T starts to increase with decreas-
ing temperature. The upturn of 1/T1T at low temperatures was
also observed in TaP by 181Ta-NQR [30, 32]. The crossover
temperature Tcross was proposed to be determined by the dis-
tance between EF and the Weyl points, ∆; the crossover takes
place when kBT becomes comparable to ∆ [41]. However,
Tcross is quite similar for TaAs and TaP even though ∆ is very
different in the two systems, which suggests that the explana-
tion in [41] is not supported. As mentioned ahead, applying
a magnetic field will totally change the electronic state of the
Weyl bands hence a discrepancy between 1/T1T at a high field
and zero field is expected if 1/T1T is dominated by the linear
bands. However, unlike the dramatic change of Kc with the
field, we find that 1/T1T at the lowest temperature is field in-
dependent, which suggests that such an upturn is not related
to the Weyl excitations; the origin of this upturn merits more
theoretical studies in the future.
The 1/T1T measured at B = 12.95 T happens to have a T
2
behavior as well in the temperature range 30 K ≤ T ≤ 250
K, as can be seen in Figure 3. Note that, in this temperature
range, Kc ∝ T . The result can be understood as arising from
the fact that at a high field the electrons are reorganized into
highly degenerated Landau sub-bands. In such case, the lin-
ear bands are no longer present and the eigenfunction of the
Weyl electrons changes. As a result, the anomalous orbital
hyperfine coupling worked at zero-field limit is no longer ap-
plicable. As discussed already, the motion of the electrons in
the quantized cyclotron orbits is the main source of the evolu-
tion of the Knight shift with B and T . Under a high field, the
current fluctuations caused by the electron orbital motion in
the Landau sub-bands will create a channel for nuclear spins
to relax and contributes to 1/T1T . In light of the T -linear be-
havior of Knight shift shown in Fig. 2 (b), our observation
indicates K2c T1T=const. Namely, the Korringa relation holds
as well for the Weyl excitations.
In order to obtain further insight, we plot
√
1/T1T
vs Kc as shown in Fig. 4. The slop of the√
1/T1T vs Kc curve is the so-called Korringa ratio S =
~ (γe/γn)
2
[
d(
√
1/T1T )/d (Kc)
]2
/4pikB. For a non-correlated
metal with trivial bands, theoretically S equals to 1. In reality,
S can deviate from 1. For example, S ∼0.6 for simple metals
such as Li, Na, and Cs. As seen in Fig. 4, in the range 60 K
≤ T ≤ 250 K where K ∝ T and 1/T1T ∝ T 2, S ∼ 1.5. Above
T ∗ = E∗/kB∼ 250 K, S crosses over to a smaller value of 0.6.
Recall that T ∗ is the temperature above which 1/T1T starts to
deviate from the T 2 behavior and Kc departs from the T -linear
line. As mentioned already, this is due to the linear dispersion
bands having a finite energy range E∗, beyond which the ther-
mal excitation energy exceeds E∗. At low temperatures, the
excitations are well within the Weyl energy window (see the
sketches in Fig. 4). At high temperatures, on the other hand,
the electrons are excited into the trivial bands and the electron
occupancy probability in the linear bands is reduced (diffuse
distribution). As a result, 1/T1T and Kc are dominated by the
trivial bands at high temperatures. It is therefore concluded
that the Korringa ratio due to the linear bands is enhanced by
a factor 2.5 over that due to the trivial bands in TaAs.
In summary, we have performed the microscopic investiga-
tions on the Weyl semimetal TaAs. Remarkably, we observed
a clear lnB dependence of the 75As Knight shift Kc at T = 1.56
K, which can only be explained by the exotic orbital diamag-
netism due to the distinctive Landau levels of the 3D linear
bands. Our results demonstrate that such peculiar orbital dia-
magnetism is a fingerprint of topological semimetals. At zero
filed, our observation of the T 2 variation of 1/T1T over a wide
temperature range 30 K ≤ T ≤ 250 K is a manifestation of
the anomalous orbital hyperfine coupling due to linearly dis-
persed bands and the E2 dependence of the DOS associated
with the Weyl excitations. We further find that, at B = 12.95
T, 1/T1T follows the same T -dependence but with a smaller
value. The scaling between 1/T1T and K
2
c under a high mag-
netic field indicates that the Korringa relation also holds for a
Weyl semimetal. The Korringa ratio due to the linear bands
5that have an energy range of ∼ 250 K is enhanced by a factor
of 2.5 over that due to the trivial bands.
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